Abstract: A microfiber-coupled dual-rail nanobeam resonator is proposed and demonstrated. The dual-rail scheme is employed to encourage the overlap between the light emitter and the air mode. The one-dimensional resonant cavity is formed by contacting a curved microfiber with the dualrail nanobeam. The finite width of the dual-rail nanobeam turns out to be advantageous for both out-coupling with the microfiber and broader tuning of resonant wavelength. By employing InGaAsP quantum well gain medium, a simple and robust reconfigurable laser is created. Experimentally we measure a quality factor of 11,000 and out-coupling efficiency of 30%. The spontaneous emission factor (β) of the nanobeam laser is measured to be 0.16. Computationally we identified a resonant cavity with a quality factor over 6 × 10 5 and out-coupling efficiency over 90%. References and links 
Introduction
Photonic crystal (PhC) cavities with high quality factor (Q) and small mode volume (V m ≡ ∫UdV/U max ) have been widely studied and applied for switching devices and single photon sources [1] [2] [3] [4] [5] [6] [7] [8] . Recently one dimensional (1D) nanobeam resonators drew attentions of community owing to their compactness and simplicity [9] [10] [11] [12] . The 1D nanobeam structure has a large mode gap as well. Various nanolasers with low thresholds and large spontaneous emission factors (β) have been demonstrated [13, 14] . These mechanically-interesting 1D ladder type resonators have also been employed widely as a platform to study optomechanical interactions between photons and phonons [15] .
Integration of the nanobeam and a tapered microfiber can be advantageous for both pumping and photon collection. The contact of a curved microfiber perturbs the guided mode of the nanobeam and is known to generate a photonic well and resonant modes [16] [17] [18] . The resonant mode created by this way stems from the air mode in which photon energy is mostly concentrated in the air region rather than the dielectric medium. The overlap between the resonant mode of interest and the gain medium is generally poor. Therefore, one needs to find a better way to enhance this gain-mode-overlap in the nanobeam structure.
In this study, we investigate dual-rail nanobeam structures to enhance the overlap between the mode of interest and the gain medium. This dual-rail structure consists of a waveguide laterally-sandwiched between two 1D air-hole arrays. The effective refractive index of this dual-rail structure is found to be smaller than that of the conventional W1 waveguide and larger than that of the conventional nanobeam structure. In comparison to the conventional W1 photonic crystal waveguide, the k-vector mismatch between the guided mode and the microfiber is expected to be reduced. Consequently the better coupling to optical fiber and the wider spectral tuning of resonant wavelength are expected. In addition, the spatial reconfigurability of the cavity is a powerful option for single photon sources based on selfassembled quantum dots and the fiber-coupled structure of high Q/V m is advantageous for optical switching applications.
Design and theoretical expectations
The proposed dual-rail nanobeam structure schematically shown in Fig. 1 is defined by six parameters. Lattice constant (a), thickness (t), radius (r), distance between rails (w) and beam width (b) are 480 nm, 220 nm, 0.35a, 1.2a, 2.7a, respectively. The refractive index of the dielectric material (n) is 3.2 for InGaAsP at room temperature. The dispersion of the dual-rail guided modes is shown in Fig. 1(a) . It has three TE-like bands. The two lowest modes are dielectric bands, which are solid curves in Fig. 1(a) . The red line shows the dispersion of an air band. A band-gap is present between the 2nd dieletric band and the air band. The dotted and dashed curves represent TM-like modes. In the presence of a microfiber the effective refractive index of waveguide modes is known to increase. One can expect that evanescent coupling of the dual-rail guided mode with a curved microfiber would create bound modes in the neighborhood of a contact point. Figure 2 (a) shows how an air-mode photonic well is formed by touching of a curved microfiber. Two resonant modes are generated in the photonic well that is surrounded by the bandgap. Typically the microfiber-coupled cavity based on a conventional single nanobeam has poor gain-mode-overlap. In case of the conventional nanobeam shown in Fig. 3(b) , the strong electric fields reside mainly in the air hole region. For the dual-rail nanobeam shown in Fig.  3 (a), substantial amount of electromagnetic energy is confined in the dielectric gain region inbetween two vertical air hole pairs. For comparison purposes, we evaluated the gain-mode overlap factor γ ( = ∫ medium |E| 2 dV/∫ all |E| 2 dV) [19] . The overlap factor γ (0.54) for the dual-rail is almost twice as large as that (0.28) of the conventional single nanobeam. Consequently, the dual rail structure is more advantageous for lasing operation. In our fiber-coupled resonator, the total optical loss consists of the useful optical coupling into the fiber and the other optical losses that are wasted. To achieve both high Q and high out-coupling efficiency into the microfiber, two major wasted losses need to be minimized. The first one is the coupling loss via TM-like guided modes. Typically the coupling with the first and second TM-like modes is not allowed because of the mismatch of the parity and resonance frequency, respectively. However, when the beam width is increased over 2.7a, photons in the cavity begin to leak through the second TM-like mode. The other loss mechanism is the photon tunneling through the length of the dual-rail. When the nanobeam length is limited to ~30 µm by practical reasons, the transmission loss through two ends of the waveguide becomes non-negligible. The longitudinal tunneling length becomes shorter when the dispersion curve is flatter near the band edge where the reconfigurable resonant modes are formed [20, 21] .
Comparisons between various designs are summarized in Fig. 4 . When w = 1.2a, the conditions of large coupling efficiency η f of 90%, small volume V m (1.47(λ/n) 3 ), and high Q (2.7 × 10 7 ) are satisfied simultaneously. One can confirm that the unwanted optical losses are effectively suppressed in this design. Note that in Fig. 2 the dynamic range of |E| 2 plot is 10 9 . The out-coupling efficiency is obtained by integrating the Poynting vector over the cross section of the fiber. The out-coupling efficiency increases with the increasing air hole size and the decreasing rail width w as shown in Figs. 4(a)-4(b) . Both the larger air hole and the narrower rail naturally contribute to the reduction of the effective index of the guided mode and the better index matching with the microfiber is achieved. More detailed k-space analyses of this coupling mechanism can be found in the Reference [22] . For switching devices employing Kerr nonlinearities, the large Q/V m is beneficial to obtain the high field intensity with lower incident power [1] . For a single photon source with quantum dot, the large Q/V m is also advantageous for the high speed operation and the efficient funneling by the enhanced spontaneous emission [2, 7] . However, a large Q is not always wanted for both types of devices [1] . The cavity should decay faster than the switching speed (~100 ps) and the dephasing of QD (~1 ns) [23, 24] . Therefore, we believe that a Q of ~10 5 could be acceptable for both applications.
The tuning characteristics of the reconfigurable mode are studied by varying the radius of curvature R. The 1st cavity mode blue-shifts by a total of 3.7 nm when R changes from 180 to 50 µm as shown in Fig. 4(d) . This tuning range is broader than that of the W1 [16, 18] photonic crystal waveguide, which can be attributed to the relatively small effective index of the dual-rail nanobeam [17] . In addition, the photonic well of the dual-rail nanobeam is found to be deeper than that of the W1. With increasing radius, the tunneling losses through the two band-gap end mirrors increase. The larger R expands the photonic well and makes the band gap mirror thinner and the out-coupling efficiency is degraded accordingly.
Experimental realization
Dual rail structures were fabricated by electron beam lithography and Cl 2 -assisted Ar-beam etching. HCl:H 2 O (4:1) solution removed the sacrificial InP layer to make dual rails freestanding [25] . Boiled isopropyl alcohol (IPA) was used in this process to rinse the HCl solution. A 30-µm long freestanding dual rail is shown in Figs. 5(a) and 5(b). The lattice constant (a) is 480 nm and the thickness of slab (t) is 210 nm. The r, w and b are 0.35a, 1.2a, and 2.7a, respectively. The curved microfiber was made from a standard single mode fiber by heating and stretching until the diameter was about 1.1 µm which satisfies the condition of single mode operation at 1.5 µm wavelength. The radius of curvature of ~130 µm was obtained by careful bending the stretched microfiber. As one tries to place the microfiber, the actual contact position tends to fluctuate from trial to trial because of the electrostatic force that attracts the fiber in an abrupt fashion. With the finite dual-rail nanobeam, this positioning uncertainty can be automatically restricted to be smaller than the width of nanobeam. Formation of reconfigurable modes is confirmed by using a wavelength-swept tunable laser whose linewidth is <0.01 nm. The 1st cavity mode couples well with a fiber guided mode. Experimentally two cavity modes are observed as expected. The location of the cutoff at the band-edge is identified at 1611 nm by scanning a tunable laser diode from 1560 nm to 1650 nm. Note that the wavelengths of two rightmost transmission dips in Fig. 6(a) are longer than that of the band-edge infers the newly-generated resonant modes. The longer wavelength dip corresponds to the 1st cavity mode while the other is the 2nd cavity mode. The band-edge is also observed in Fig. 6(a) . The spectral separation between the 1st mode-and the 2nd mode is 12.38 nm theoretically in Fig. 2(a) and the measured value is 12.1 nm as shown in Fig. 6(a) . The linewidth (0.145 nm) of the 1st cavity mode is measured using a tunable laser running at a power of 5 µW. The out-coupling efficiency is estimated to be 30% from the depth of transmission dip in Fig. 6(a) by the coupled mode theory (CMT) [26] . The corresponding Q value of 11,000 and the out-coupling of 30% are limited by the residual quantum well absorption and fabricational imperfections.
Once the fiber is in contact with the wafer by electrostatic forces, one is able to change its radius of curvature by applying the vertical tension. For example, to make R smaller, we lift the microfiber from the dual rail [18] . In Fig. 6(b) , one can observe the blueshift of resonant wavelength for the smaller R. The 1st cavity mode shifts by up to −5.5 nm as shown in Fig.  6(b) . It is interesting to observe the disappearance of the 2nd cavity mode in case of excessive fiber curving. In this case, the photonic well becomes too narrow so that the 2nd resonant mode becomes unbound.
The microfiber-coupled dual-rail nanobeam laser
Lasing behaviors are observed at room temperature when pumped by a 980nm laser diode driven with 10-ns pulses of duty cycle of 1%. Since both pumping and collection are made through a curved fiber, the contact spot automatically defines the location of the cavity [27] . The curvature R is adjusted to maximize the output power of the lasing peak. The strongest peak in Fig. 7(b) corresponds to the 1st cavity mode. The 2nd cavity mode appears at twice of threshold pump power and, therefore, is usually not visible under low pump conditions. In Fig. 7(a) , the laser threshold is observed at peak pump power of 80 µW. The wavelength of laser changes only −0.1 nm after the pump power is increased up to 150 µW.
Spontaneous emission factor (β) is estimated by fitting the measured L-L curve with rate equations [28] [29] [30] [31] . 
where N is the carrier density, P the photon density, R p the pump rate, A the coefficient of surface recombination (SR), C the coefficient of Auger recombination, B the radiative recombination, n eff the effective refractive index, Γ the confinement factor, G the logarithm gain G 0 ln(N/N tr ), G 0 the coefficient of gain, N tr the transparency carrier density, τ ph the lifetime of photon, β the spontaneous emission factor. The dots in Fig. 7 (a) are the measured output at different pump powers. The solid line is the result of the rate equations. The computational parameters are typical values for InGaAsP quantum wells at room temperature: G 0 is 1500 cm By reducing the radius of curvature of the microfiber, we are able to tune resonant wavelength by −3 nm as shown in Fig. 7(c) . The observed tuning range maintaining uniform laser action is smaller than that of transmission measurements in Fig. 6(b) because the curvature change affects both the Q value and the coupling efficiency [18] as expected in Fig.  4(d) .
Conclusion
We propose and demonstrate microfiber-coupled dual-rail nanobeam resonators that can be tuned up to 5.5 nm in wavelength. The fiber-coupled resonant cavity shows out-coupling efficiency of 30% and Q of 11,000 by transmission measurements. When operated as a reconfigurable microlaser, the spontaneous emission factor (β) of >0.16 is estimated from the rate equation analysis. The proposed microfiber-coupled dual-rail nanobeam resonator could be a promising candidate for an efficient single photon source. The high Q/V value of this configuration could also be advantageous for power-sensitive nonlinear devices.
